Objective: To summarize the current knowledge on epigenetic alterations in mother and offspring subjected to gestational diabetes (GDM) and indicate future topics for research. Design: Systematic review. Methods: We performed extensive searches in PubMed, EMBASE and Google scholar, using a combination of the search terms: GDM, gestational diabetes, epigenetic(s), methylation, histone modification, histone methylation, histone acetylation, microRNA and miRNA. Studies that compared women diagnosed with GDM and healthy controls were included. Two authors independently scanned the abstracts, and all included papers were read by at least two authors. The searches were completed on October 31st, 2016. Results: We identified 236 articles, of which 43 were considered relevant for this systematic review. Studies published showed that epigenetic alterations could be found in both mothers with GDM and their offspring. However, differences in methodology, diagnostic criteria for GDM and populations studied, together with a limited number of published studies and small sample sizes, preclude clear conclusions about the role of epigenetic modifications in transmitting risk from GDM mothers to their offspring. Conclusion: The current research literature suggests that GDM may have impact on epigenetic modifications in the mother and offspring. However, larger studies that include multiple cohorts of GDM patients and their offspring are needed. and Preventive Medicine. She is a member of the Oslo Diabetes Research Center and is associated with two research groups: one investigating diabetes in pregnancy and one focusing on type 2 diabetes and metabolism. Her research focuses on genetic and epigenetic aspects of gestational diabetes and the consequences of hyperglycemia in pregnancy for both mother and child.
Introduction
Gestational diabetes (GDM) defined as glucose intolerance first recognized in pregnancy, may have important implications for both mother and fetus. Offspring of mothers with GDM have an increased risk of birth complications associated with increased birth weight and adiposity, such as shoulder dystocia, neonatal hypoglycemia and obesity, as well as for developing metabolic syndrome, type 2 diabetes (T2DM) and cardiovascular disease in adult life (1, 2) . Furthermore, in a 5-to 10-year perspective, it is estimated that around 50% of the women diagnosed with GDM will develop T2DM, although the subsequent T2DM risk varies greatly with criteria used and follow-up time (3, 4) . As GDM and T2DM appear to share both genetic and non-genetic risk factors, the overlapping susceptibility may partly explain the increased risk of T2DM for women with previous GDM (5, 6) .
The Forsdahl-Barker hypothesis suggested that maternal undernutrition and low-birth-weight was associated with chronic disease, such as T2DM, in adult life (7, 8, 9, 10, 11, 12, 13) . However, in populations where T2DM is prevalent, the relationship between birth weight and later T2DM has been reported to be U-shaped (14) . Some of the reported risk alleles known to influence susceptibility of T2DM support such a U-shaped relationship between birth weight and later T2DM, as some genes show association with lower birth weight and some with higher birth weight (15) . Moreover, the fetal insulin hypothesis suggests that the observed association between low-birth-weight and adult insulin resistance is mediated through genetics (16, 17, 18) , indicating that low fetal growth is a sign of genetically determined insulin resistance leading to glucose intolerance later in life. In addition, the current obesity epidemic raises concerns that overnutrition in utero can lead to permanent metabolic changes in the fetus and increase the risk of adiposity and diabetes in later life (19) . Today, more than 100 different SNPs have been reported to associate with T2DM (20). However, these candidate genes only explain a small proportion of the heritability, and environmental influence is obviously important in the pathogenesis. The evidence for a genetic predisposition for GDM is not as robust as that for T2DM (5) , but several systematic reviews and meta-analyses have highlighted genes such as Transcription Factor 7 Like 2 (TCF7L2), Melatonin receptor 1B (MTNR1B) and Insulin receptor substrate 1 (IRS1) among others to be important (21, 22, 23, 24, 25, 26) . Epigenetic modifications during pregnancy could be an interesting method to study the environmental influence (27) , as several studies have reported the effect of GDM on birth outcomes and indicated that epigenetic alterations may be an important mediator (28) . One example is the increased risk of obesity and T2DM in siblings born after the mother developed diabetes compared to siblings born before the mother was diagnosed (29) . Studies have also shown that GDM is more common in daughters of diabetic mothers compared to that of diabetic fathers (30, 31) , suggesting that the intrauterine environment, in addition to genetics, is important. In addition, it has been shown that parental genotypes, even when these genes are not inherited by the offspring, can lead to epigenetic alterations in the offspring, which in turn may affect the offspring's phenotype (32, 33, 34) .
Epigenetics refer to coding, excluding that of the DNA sequence, which can influence the transcriptional rate. These variations in the epigenetic programming can be caused by environmental factors and can activate or silence gene expression. The type of modification can vary, but the most common ones are DNA methylation, modification of histones or regulation of gene expression by microRNA (miRNA).
Methylation of cytosine on CpG sites in the DNA, creating methylcytosine (5-mC) , is the most frequently studied modification. Methylation can silence repressor elements and lead to increased gene expression, whereas methylation at the promoter or enhancer regions can decrease gene expression, the latter by preventing enhancer elements access to the region. It has also been shown that methylation in the gene body can increase the expression or influence alternative splicing (35) . Addition of a hydroxyl group to an already methylated cytosine, creating hydroxymethylcytosine (5-hmC) , is another epigenetic regulatory marker, suggested to promote DNA demethylation (36) . Epigenetic regulation via histone modification can influence the chromatin packing and subsequently the gene expression. For instance, methylation at histone 3, lysine 4 (H3K4) is known to activate genes, whereas methylation of histone 3 lysine 27 (H3K27) is generally associated with gene repression (37) . Finally, miRNA, short non-coding RNAs, is involved in post-transcriptional regulation of gene expression. miRNA can affect both the stability and translation of mRNA. Most often miRNA binding to mRNA leads to translational inhibition or destabilization (38) .
The aim of this systematic review is to summarize the current knowledge on epigenetic alterations in mother and offspring subjected to gestational diabetes and indicate future topics for research.
Methods
This systematic review was conducted in agreement with the PRISMA statement for reporting systematic reviews (39) . The protocol for this systematic review was registered in the international prospective register of systematic reviews (PROSPERO) (http://www.crd.york.ac.uk/ PROSPERO, registration number is: CRD42016036103).
We performed extensive searches in PubMed, EMBASE and Google scholar, using a combination of the search terms: GDM, gestational diabetes, epigenetic(s), methylation, histone modification, histone methylation, histone acetylation, microRNA and miRNA. The initial searches were continuously updated from March 1st 2016 to October 31st 2016, and no publication date or publication restrictions were imposed. Scanning of search results and identification of relevant articles according to inclusion and exclusion criteria were performed separately by two reviewers (GHM and CS). All articles were read by at least two independent reviewers (GHM, EQ and KIB).
We included all articles that studied gestational diabetes in association with epigenetic modificationssuch as DNA methylation, histone modifications or miRNA change-in tissues from the mother or her offspring. We included studies using consensus-based criteria based on an oral glucose tolerance test (OGTT). The different criteria are described in Table 1 . If diagnostic criteria were not reported in detail, the authors were asked to provide this information. We excluded animal studies and articles studying pre-gestational diabetes. We also excluded studies with less than 10 GDM cases in total; however, a short summary of these five studies is added in the Results section. Only papers in English were considered eligible, but no relevant studies were excluded due to language.
From each study, data on (1) maternal blood glucose, (2) method, (3) methylation status and/or status on histone modifications and miRNA expression, (4) diagnosis criteria and (5) ethnicity were extracted. In articles where diagnostic criteria were not reported, some authors provided this information upon request. The primary outcome looked at in this review were methylation changes as a result of GDM, either as correlation between blood glucose and methylation status or as mean differences in methylation between GDM pregnancies and healthy controls. A descriptive presentation of results was chosen, and formal meta-analyses were not performed due to considerable heterogeneity between studies.
To ascertain the quality of the eligible studies, the reviewers worked independently to determine if relevant diagnostic criteria for GDM were used, as well as establish that the GDM and control groups were properly matched. In addition, the reviewers assessed if proper statistical analysis was performed. Lastly, risk of publication bias and selective reporting within each study were assessed.
The current evidence
Of 236 articles retrieved, 38 articles were considered relevant for this systematic review ( Fig. 1 ). Of these, 12 were genome-wide methylation studies, 4 used broad array approaches on miRNA and 22 reported epigenetic modifications in candidate genes or specific miRNAs. Placental tissue was used in 23 studies and umbilical cord blood (UCB) in 12 studies (whereof 7 studied both placental tissue and umbilical cord blood). Maternal peripheral blood or fat tissue was used in five studies and peripheral blood or muscle and fat tissue from the offspring in two studies. Human umbilical vein endothelial cells (HUVECs) were used in three studies. The majority reported DNA methylation; two studies reported histone modifications and eight studies reported changes in miRNA. The main findings, study population and population size of each study can be found in the Tables 2, 3 and 4. A summary of findings in the placenta are visualized in Figure 2 . 
Epigenetic alterations in the mother

Maternal peripheral blood
A study in peripheral white blood cells (WBC) of 22 women (40) examined the global methylation pattern sampled in gestational week (GW) 12-16 and identified five CpG sites that were potentially differentially methylated. However, the results were not significant when adjusted for false discovery rate (FDR). A technical validation between array β-values and methylation levels was determined by bisulfite pyrosequencing (BSP). The authors report that by the use of these differentially methylated genes, they could predict the development of GDM in at least eight of the eleven women. However, they did not adjust their prediction model for ambient glucose or HbA1c levels, even though some women who develop GDM may have slightly elevated blood glucose already at 12-16 weeks.
A case-control study in maternal plasma from 20 women (41) showed that 32 miRNA was differently expressed in GDM women compared to controls in GW 16-19. Targets of these miRNAs were, among others, associated with insulin signaling and T2DM. The authors validated the altered expression in five miRNAs.
A study in maternal serum from 48 women (42) showed different levels of miR-132, miR-29a and miR-222 between pooled samples from women who later developed GDM and controls in GW 16-19. The results were validated internally and miR-29a and miR-222 were also externally validated. The study further demonstrated that knockdown of miR-29a, in HepG2 cell line, could increase insulin-induced gene 1 (INSIG1) gene expression, involved in glucose homeostasis. The authors could not identify a clear biological function of miR-132 and miR-222 related to GDM.
A study in 27 multi-ethnic women (43) reported on global histone H3 dimethylation as an epigenetic marker for prediction of conversion from GDM to T2DM. H3K27 and H3K4 dimethylation was lower in women with GDM who later developed T2DM than that in GDM women who did not. However, the groups were small (6-8 in each groups) and heterogeneous regarding ethnicity and parity, which may bias the results. Furthermore, the follow-up time after pregnancy was short (a total follow-up time of eight months), and some GDM women could develop T2DM later.
Maternal adipose tissue
A study in omental adipose tissue taken at the time of Cesarean section from 26 women (44) identified 17 differentially expressed miRNA between GDM women and controls. Samples from three GDM women and three controls were run on a miRNA expression chip, and expression of miR-222 was validated by q-PCR in all 13 cases and 13 controls. miR-222 expression was negatively correlated with estrogen receptor (ER)α and glucose transporter 4 (GLUT4) protein levels. Furthermore, serum levels of estradiol correlated with miR-222 expression, and the authors suggested that miR-222 may be involved in estrogen-induced insulin resistance via ERα and GLUT4.
Epigenetic alterations in the placenta
A total of 23 articles on epigenetic changes in placenta samples were included, 16 of which only reported findings in placenta and seven of which reported findings both in placenta and umbilical cord blood. The three articles with key data in both placenta and umbilical cord tissue are discussed separately in this section and the next looking at epigenetic alteration in the offspring. The five with main results from only one tissue is discussed in the appropriate section and in Table 3 so we have chosen to report all findings from the placenta here. The results are summarized in Table 3 .
LEP
A study of 535 healthy term pregnancies in a multi-ethnic cohort (45) showed a 2.5% higher degree of methylation of the leptin (LEP) gene on the fetal side of the placenta of 47 women with GDM. Further, a study on 48 Canadian women (46) found a significant correlation between the 2-h glucose value and the degree of DNA methylation of the LEP gene in placenta on both fetal and maternal side in 23 GDM women. Higher glucose values correlated with lower degree of methylation on the fetal side, but with a higher degree of methylation on the maternal side. No such maternal-fetal pattern was found in the 25 non-GDM women. Furthermore, they reported a significant correlation between DNA methylation and mRNA expression in the placental tissue, but the mRNA levels did not correlate with the serum leptin levels in the third trimester. The authors argue that this may be due to the fact that leptin of placental origin constitutes only a small fraction of the total circulating maternal leptin, which was supported by their finding that the placental leptin mRNA levels account for 16% of the variance in circulating maternal leptin concentration.
ADIPOQ
A study with 98 women, 31 of which had GDM, by Bouchard and coworkers (47) showed that the mean degree of DNA methylation in the adiponectin (ADIPOQ) gene was similar on the maternal and the fetal side of the placenta. The authors also reported that a high level of maternal insulin resistance in the second and third trimester was associated with lower DNA methylation of the ADIPOQ gene on the maternal side. This association was strengthened after adjustment for circulating levels of adiponectin. The authors concluded that these changes Fetal suscepƟbility of future disease
MethylaƟon changes: / LEP (45, 46, 71) ADIPOQ (47, 48) ABCA1 (49) LPL (50) IGF1R (53) PPARGC1A (54, 56) ESR1 (59) MEST, NR3C1, ALUs (66) Gene expression:
PPARG (55) PPARA (58) Maternal gestaƟonal diabetes Altered placental metabolism could mirror changes that take place in maternal adipose tissue. In a brief report in 2013 on the same material (48) , it was reported that fetal methylation of ADIPOQ decreased with maternal blood glucose levels.
ABCA1
Furthermore, a study in 26 GDM women and 74 healthy controls, also from the Bouchard group (49), showed a negative correlation between DNA methylation of the ATP-binding cassette transporter A1 (ABCA1) gene on the maternal side of the placenta and high-density lipoprotein cholesterol (HDL-C) levels, and a similar positive correlation with glucose levels 2-h after OGTT. On the fetal side, DNA methylation of ABCA1 was negatively correlated with cord blood triglycerides. Both fetal and maternal variability in DNA methylation was associated with ABCA1 mRNA levels. Further, maternal glucose levels were negatively correlated with DNA methylation of ABCA1 in cord blood.
LPL
In another study on placentas of 126 women (50), Bouchards group reported methylation of the lipoprotein lipase (LPL) gene in fetal placental tissue, which showed lower methylation in 27 GDM pregnancies compared to that in 99 controls. mRNA analysis showed 1.6-fold higher expression of LPL in GDM vs non-GDM women.
Other genes
In a study of 30 women with GDM compared to 14 controls (51), the Bouchard group reported that 3271 genes in placenta were nominally differentially methylated. Of these, 16 CpG sites were validated using BSP. Replication in an independent study was unsuccessful (52) . Still, they found that variations in maternal 2-h OGTT glucose levels within the normal range were associated with DNA methylation changes in the placental genes bromodomain-containing 2 (BRD2) and low-density lipoprotein receptor-related protein 1B (LRP1B). Additionally, the Bouchard group reported from a study of 140 placentas (53) on the insulin-like growth factors (IGF) system, where they replicated some results from an earlier epigenome-wide association studies (EWAS study) (51). Exposure to intrauterine hyperglycemia was associated with changes in DNA methylation of insulinlike growth factor 1 receptor (IGF1R) and insulin-like growth factor-binding protein 3 (IGFBP3) in placenta of women in one of the examined cohorts; however, only the IGF1R results were replicated in the second cohort. In a study of 305 women in two Canadian cohorts (54) , the Bouchard group assessed the methylation levels in the PR domain containing 16 (PRDM16), bone morphogenetic protein 7 (BMP7), C-terminal-binding protein 2 (CTBP2) and peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1A) gene loci. They found that higher degree of DNA methylation in the PPARGC1A gene locus was associated with higher second-trimester fasting glucose levels and 2-h post-OGTT glycaemia. Higher fasting glucose levels in the second and third trimester were associated with lower degree of DNA methylation in the PRDM16 gene locus. Higher 2-h post-OGTT glucose levels were also associated with lower BMP7 DNA methylation levels. Furthermore, BMP7 and PRDM16 DNA methylation was lower in placentas exposed to GDM compared to those not exposed. Lower degree of DNA methylation in PRDM16 and higher in PPARGC1A were associated with higher cord blood leptin levels; however, only the PRDM16 findings remained significant after adjustment for maternal glycaemia. Mediation analysis suggested that PPARGC1A mediated the link between the exposure to maternal glycaemia in the second trimester and the cord blood leptin levels.
A study on placentas from 6 women with dietary controlled GDM, six with GDM controlled by medication and matched controls (55) reported a role of miR-143 in mitochondrial function and glucose metabolism. The medication group had a significant reduction in miR-143 expression compared to that in the other groups. Lower protein levels of peroxisome proliferator-activated receptor gamma (PPAR-γ), peroxisome proliferatoractivated receptor gamma and coactivator 1 alpha (PGC-1α) known to be downstream of miR-143 were observed in both GDM groups compared to controls. Moreover, the authors reported reduced mitochondrial function and increased glycolysis in the placentas from the medicated GDM cases and showed that overexpression of miR-143 could partly rescue mitochondrial function and reduce glycolytic enzymes in the trophoblast cells from medication-treated placentas. However, it is difficult to assess the impact of different GDM treatments on these results.
A candidate gene study in placentas of 58 pregnancies with uncomplicated Cesarean delivery (56) showed that maternal glucose levels were positively associated with fetal-placental DNA methylation of PPARGC1A gene. Another study of 85 Chinese women with Cesarean delivery, from a different group (57), explored the differences in placental methylation in GDM patients and preeclampsia patients compared to that in controls. They found that 10 424 loci were differently methylated in GDM women compared to those in controls. Validation in four genes was performed on 85 placentas by BSP. Here, they found hypermethylation in the gene for glucose transporter 3 (GLUT3) and hypomethylation in the peroxisome proliferator-activated receptor alpha (PPARA), retinol-binding protein 4 (RBP4) and resistin (RETN).
A study in placentas from 40 GDM women and 40 controls (58) revealed an upregulation of miR-518d in GDM. The miR-518d was shown to have a binding site on PPARA mRNA, and further that an increase in miR-518d correlated with a decrease in protein level of PPARα. It is important to note that women with GDM had a significantly greater BMI and larger offspring than the control group. As PPARs are fatty acid receptors important in lipid homeostasis, it is unclear if the findings are due to GDM or the higher BMI.
A study of 40 women with GDM compared to 40 controls (59) indicated that expression of the placental estrogen receptor α (ERα), a possibly important regulator of glucose metabolism in adipose and muscle tissue, was upregulated in extravillous trophoblasts (EVT). The study further demonstrated a downregulation of ERα in decidual vessels in pregnancies with a male fetus. The paper showed that mRNA for the ERα-encoding gene (ESR1) was increased in GDM decidua compared to that for controls and that the gene promoter was only methylated in control placentas.
A study on placentas from 193 GDM pregnancies compared to 202 normal pregnancies (60) showed an upregulation of miR-98. miR-98 overexpression was positively associated with global methylation. It was further reported that miR-98 could inhibit the expression of methyl-CpG-binding protein 2 (MECP2) and further reduce the expression of transient receptor potential cation channel subfamily C member 3 (TRPC3) mRNA and protein, involved in glucose uptake.
A study of placenta tissue from 30 women (61) showed differentially expressed miRNA between cases and controls target genes involved in the epidermal growth factor receptor/phosphoinositide-3-kinase/Akt (EGFR/ PI3K/Akt) pathway, important in placental development and fetal growth. After performing a miRNA microarray expression study on five cases and five controls, 29 miRNA were significantly differentially expressed, 15 of the miRNA had targets associated with the EGFR/PI3K/ Akt pathway. The expression was validated in 10 cases and 10 controls, showing significant changes in 9 miRNA. miR-508-3p was found to be the most upregulated and to target a FYVE finger-containing phosphoinositide kinase (PIKFYVE), a negative regulator of EGFR signaling. The article further showed an increase in protein levels of EGFR, PI3K and phosphor-akt and a decrease in PIKfyve protein levels in placenta tissue. The authors suggested that this increase in expression of EGFR/PI3K/Akt pathway may be a mechanism that contributes to macrosomia in GDM babies.
One study of primary fetoplacental endothelial cells (fpEC) in 29 women (62) did not find an effect of GDM on mRNA expression of intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion molecule 1 (VCAM1) and E-selectin (SELE). However, the total level of ICAM-1 was reduced by 31% in fpEC from 11 GDM mothers. A global DNA methylation analysis did not reveal any differences in methylation patterns between GDM and healthy controls in the ICAM1 gene. However, mir221 and mir222 were significantly upregulated in the GDM cells. These two microRNAs have previously been negatively associated with ICAM-1, suggesting a posttranscriptional regulation.
A study of 41 GDM women and 41 matched healthy controls (63) reported results on genome-wide methylation and expression in the maternal side of placentas. Although the authors identified four candidate regions with possible methylation differences between GDM and non-GDM women, the results did not remain significant when corrected for multiple testing and was not verified by pyrosequencing or in a second cohort of GDM women.
A study in 36 subjects with GDM and 40 controls (64) used tissue from chorionic villi to identify 6641 differentially methylated regions. Validation of methylation status and gene expression showed that the most significant and largest methylation difference, with 15% more in the control group, was in the GLUT3 gene. Validation in the resistin gene also showed higher methylation in the control group.
A study on mainly Caucasian women, 56 with GDM and 974 controls (65) , used mass spectrometry to assess the difference in overall methylation status between the two groups. They reported significantly higher degree of methylation in GDM women compared to that in controls, also after multiple adjustments. However, it is difficult to evaluate the biological relevance as no other studies have applied the same methodology.
A study on placental tissue from 251 women (66) found that the maternally imprinted mesoderm-specific transcript (MEST) gene and the non-imprinted glucocorticoid receptor, nuclear receptor subfamily 3 group C member 1 (NR3C1) gene and interspersed ALU repeats were all hypomethylated in GDM pregnancies compared to those in controls. The study reported a similar methylation pattern for MEST in a group of obese adults compared to that in normal-weight controls.
A study on placenta tissue from 27 GDM and 21 healthy pregnancies (67) found 1708 differentially methylated positions (>5%) that reached significance (P < 0.05) after FDR. Pathways that were differently methylated included endocytosis, mitogen-activated protein kinases (MAPK) signaling pathway, cell adhesion molecules (CAMs), focal adhesion, chemokine signaling and insulin signaling pathways. The results were not validated by BSP.
Epigenetic alterations in the offspring
Cord blood
A candidate gene study in cord blood of 168 offspring born to GDM mothers or controls (68) analyzed methylation differences in guanine nucleotide-binding protein alpha subunit (GNAS) and IGF2 gene loci. The methylation pattern for IGF2 did not differ between the two groups; however, three sites in the GNAS gene were hypermethylated in cord blood of offspring to GDM mothers. Methylation of IGF2 and H19 (non-protein coding) has been explored in another Chinese candidate study (69) of 275 women. IGF-2 showed higher expression in both placenta and umbilical cord, whereas H19 showed a lower expression in the cord blood in GDM compared to that in controls. No differences in methylation pattern were identified.
Methylation of the placenta-specific 8 (PLAC8) gene was negatively correlated with PLAC8 mRNA in endothelial colony-forming cells (ECFCs) in 37 children (70). The PLAC8 mRNA also correlated with maternal plasma glucose levels, and the methylation pattern differed between offspring of GDM and control mothers. Importantly, the findings were replicated in an independent cohort.
A study of 485 women (71) investigated the link between fasting hyperglycemia in mothers and epigenetic regulation of the leptin gene in infants. The authors found that fasting glucose levels in the 2nd trimester correlated with the degree of methylation near the leptin gene in the cord blood of the offspring, which was correlated with leptin levels in cord blood.
A nested study in cord blood of 96 offspring (72) showed differences in the methylation pattern between offspring of GDM mothers compared to those in non-GDM controls. Offspring of GDM mothers shared some differently methylated loci with infants who had experienced intrauterine growth restriction compared to controls. Validations of some loci were performed by bisulfite mass array.
A study on placental tissue from 251 women (66) found that the maternally imprinted mesodermspecific transcript (MEST) gene and the non-imprinted glucocorticoid receptor (NR3C1) gene and interspersed ALU repeats were all hypomethylated in GDM pregnancies compared to those in controls. The study reported a similar methylation pattern for MEST in a group of obese adults compared to that in normal-weight controls.
A study on cord blood from 27 GDM exposed and 21 unexposed offspring (67) found 1485 differentially methylated positions (>5%) that reached significance (P < 0.05) after FDR. Methylation differences were seen in pathways related to endocytosis, MAPK signaling pathway, focal adhesion, chemokine signaling and Wnt signaling pathway. The results were not validated by BSP.
In a study of 30 pregnancies with GDM compared to 14 controls (51), the Bouchard group reported that 3758 genes were potentially differently methylated; however, none was genome-wide significant. Furthermore, they reported that more than 25% of the genes that were differentially methylated were similarly modified in both placenta and cord blood. Pathway analysis showed that these genes are involved in immunological, metabolic and endocrine system disorders. Three CpG sites in cord blood samples were validated using BSP, whereas replication in an independent cohort of 80 women was unsuccessful (52) . Nevertheless, they found that variations in maternal 2-h OGTT glucose levels within the normal range were associated with DNA methylation changes in the genes calcium voltage-gated channel subunit alpha 1D (CACNA1D) and LRP1B in cord blood.
HUVEC
Our search yielded three studies that used human umbilical cord vein endothelial cells (HUVEC) to study epigenetic alterations in GDM vs non-GDM pregnancies.
One study in cells from 22 GDM pregnancies compared to that in 24 healthy controls (73) looked at miRNA-101 and histone methyltransferase enhancer of zester homolog-2 (EZH2), important for H3K27me3.
The study found an increase in miRNA-101 expression and a decrease in EZH2-β expression and a subsequent decrease in H3K27m3 in cells from GDM pregnancies compared to those in controls.
One article reported no differences in methylation between cells from 44 GDM women and 55 healthy pregnancies (74) in the promoter of nuclear factorlike 2 (NRF2) or NAD(P)H dehydrogenase 1 (NQO1). However, the expression of the proteins involved in redox homeostasis was significantly altered in cells from GDM subjects.
Investigation of 5hmC in 27 GDM and 62 healthy controls (75) found a significant difference within the repetitive elements of the DNA. However, the statistics are not well described in the methodology, and it is not clear what methods have been used.
Children and adults
One study compared findings in peripheral blood from offspring (age 8-12 years) of women with GDM to non-GDM controls (76). This small study of 21 subjects, found significantly higher BMI z-score, waist circumference, leptin levels and levels of VCAM1 in exposed children compared to those in unexposed children. The authors reported 84 gene regions that were differently methylated at a significance level of P < 0.005. The results do not seem to be validated by BSP.
A study of skeletal muscle and subcutaneous adipose tissue investigated methylation changes in 260 adult offspring exposed to intrauterine hyperglycemia (77) by diet-treated GDM mothers. Offspring of GDM mothers not only had higher plasma glucose levels during an OGTT and higher diastolic blood pressure but also had 40% lower expression of PPARGC1A in skeletal muscle compared to that in the background population. No differences in PPARGC1A DNA methylation were found between the groups; however, mean PPARGC1A DNA methylation was significantly associated with adult offspring BMI and HOMA-IR in the GDM group.
Studies too small to include
Five studies found during our initial searches had less than 10 GDM cases and were too small for inclusion, as this small study size makes it difficult to conclude on the biological relevance of these findings. Differentially methylated sites were reported between GDM and non-GDM women in peripheral blood cells and placentas (78, 79, 80) . Differential methylation at 127 genes (81) as well as regulation of miRNA-16 influencing mRNA expression of cyclooxygenase 2 (COX2) was reported in HUVECs (82).
Discussion
In this systematic review of epigenetic alterations in mother and offspring subjected to gestational diabetes, we found that a number of epigenetic differences have been reported in mothers with GDM and their offspring compared with healthy controls. However, the current evidence is insufficient to conclude that the reported differences play a substantial biological role with clinical implications. This is first and foremost due to the fact that most of the studies were small with limited power. Furthermore, comparing the findings in different studies is challenging due to differences in methodology, populations, study power and tissues studied.
Unfortunately, the two genome-wide DNA methylation studies using maternal WBC carried out thus far (40, 78) were too small for solid conclusions on methylation differences between GDM cases and controls. However, studies on miRNA in GW 16-19 (41, 42) suggest different expression of some miRNAs between women who later developed GDM and women who did not, suggesting their possible use as predictive markers. Early prediction of GDM may help identify risk pregnancies before regular OGTT is performed in weeks 24-28. Some studies have tried intervention at this time point, and although no differences between the intervention group and normal care group have been observed on serious complications, such as stillbirth, a dietary intervention where women monitored their blood glucose reduced mean birth weight, neonatal fat mass as well as frequency of Cesarean delivery and shoulder dystocia (83, 84) . Also, a Finnish RCT demonstrated that moderate lifestyle intervention can reduce the incidence of GDM with 39% in a high-risk population of women with a BMI ≥30 or a history of GDM (85). Thus, early prediction of GDM may reduce the negative outcomes, as well as prevent epigenetic alterations influencing the metabolism of the offspring.
The results from the 16 genome-wide methylation studies suggest that GDM may be associated with methylation changes in peripheral blood, placenta and umbilical cord. However, the sample sizes were small, and many of the findings did not reach significance after correction for multiple testing. Furthermore, there might be reporting bias, as we do not know how many studies with negative results exist and remain unpublished. Larger studies are needed to provide a complete picture of the methylation changes related to maternal hyperglycemia. However, there are some conclusive findings. GDM seems to be associated with methylation changes in the leptin gene (45, 46) . This adipokine, secreted by the placenta during pregnancy, plays a role in energy balance by inhibiting the secretion of insulin and stimulating glucose transport (86). Furthermore, it has previously been shown that demethylation of the leptin promoter stimulates gene transcription in adipocytes (87). Leptin is therefore an interesting candidate gene for further studies in mother and child. Adiponectin is another important adipokine known to play a role in glucose metabolism (86), and methylation changes in the gene seems to be associated with GDM (47), suggesting that exposure to GDM in utero may alter adiponectin expression in the offspring. Furthermore, changes in methylation patterns of ABCA1, a transporter of cholesterol from cells to apolipoproteins A1, and a contributor to the formation of HDL (88), was observed in placenta and replicated in cord blood. As the ABCA1 gene is highly expressed in placenta and is important for maternal-fetal cholesterol transport at the maternal side (89, 90), a potential change in expression could lead to altered energy supply to the fetus. Another important molecule in the lipid metabolism is lipoprotein lipase, which contributes to transfer of free fatty acids from maternal lipoproteins to the fetus (91), and as mentioned previously, fetal placental tissue from mothers with GDM has a lower DNA methylation and a higher mRNA expression of LPL (50). PGC-1α encoded by the PPARGC1A gene is an important coactivator of proteins involved in energy metabolism (92) . Several studies have studied the methylation pattern of this gene and showed a positive association between fetal DNA methylation and maternal glucose levels (54, 56) . In addition, adult offspring of GDM mothers had about 40% lower gene expression of PPARGC1A mRNA in skeletal muscle compared to that in controls (77).
The GDM prevalence is associated with ethnicity, socioeconomic status as well as age, BMI and parity. A GDM prevalence of up to 42% has been reported in some ethnic populations with the new WHO 2013/IADPSG criteria (93). These factors may just as well influence the epigenetic modifications in different populations, and they need to be carefully studied. As GDM women often are more overweight than non-GDM women, one particularly important issue is the effect of the epigenetic modifications of glycemia itself and the effects of obesity per se. Moreover, the use of BMI across ethnicities represents a challenge as Asians have been found to have a higher amount of adipose tissue relative to their BMI than whites (94) . They also have an increased risk of diabetes at the same BMI (95, 96) . The studies reviewed here include a variety of different ethnicities and the underlying mechanisms for different methylation pattern could be a reflection of different body compositions. Furthermore, the different GDM diagnostic criteria used can lead to some women being classified as healthy in one study and as GDM in another study. Different factors seem to influence fasting and postprandial glucose and thereby impaired fasting glycemia (IFG) and impaired glucose tolerance (IGT) -IFG is predominantly thought to be related to age and a family history of diabetes, whereas IGT on the other hand has been associated with physical inactivity, unhealthy diet and short stature (97, 98) . Both IGT and IFG are insulin-resistant states, but differ in site of insulin resistance. IFG is characterized mainly by hepatic insulin resistance and defective early insulin secretion, while individuals with IGT have normal to slightly reduced hepatic insulin sensitivity and higher muscle insulin resistance (99, 100) . It is possible that the discrepancy in results presented in this review could be explained by differences in GDM criteria, representing different populations studied.
Studies of many different tissues have been included in this review. As methylation patterns can be tissue specific (101, 102, 103) , one must take into account the possible implication of methylation changes in the different tissues. Furthermore, as placenta has both a maternal and fetal side, differences are likely to occur within this organ. In addition, cellular composition is known to explain much of the observed variability in DNA methylation in a heterogeneous tissue (104) such as the placenta. To our knowledge, none of the placenta or WBC studies have been performed on single cells, with the exception of one on primary fetoplacental endothelial cells (62) and one studying extravillous trophoblasts (59). This may explain variation in results observed in, for example, the leptin studies. Although several of the studies in this review report epigenetic changes in peripheral blood, these changes do not necessarily lead to the same functional effects in blood as in placenta, adipose or pancreas tissue. Studies of pancreatic tissue have shown changes in epigenetic signaling between diabetic and non-diabetic in humans and rats (105, 106) , as well as in adipose tissue (107). Interestingly, one study reporting different methylations between diabetic and non-diabetic patients found methylation differences in pancreatic islet cells, but could not find these differences in blood cells (108). Moreover, a systematic review on blood cells, muscle, adipose and placenta tissue did not find any general overlap of epigenetic modifications between the tissues (109). More studies on the same tissue and same cell types are needed to compare results and assess their reproducibility. Furthermore, additional studies on tissue biopsies in offspring would be beneficial to investigate potential functional changes, as well as to assess how methylation changes on maternal and fetal side of the placenta may influence offspring of GDM mothers.
Furthermore, it is important to consider the methods used in the studies when interpreting the result, as the quality of the technologies used varies greatly. A review by Kurdyukov and Bullock (110) gives an overview of the methods used divided into digestion-based assays followed by PCR, bisulfite conversion, whole genome methylation profiling and search for differentially methylated regions. When candidate genes are not known, wholegenome methylation profiling or search for differentially methylated regions is an appropriate strategy. The most common methods used in this review are array or bead hybridization for determining differentially methylated regions in unknown candidate genes and bisulfite pyrosequencing for known candidate genes. Methods for the individual studies can be viewed in Tables 2, 3 and 4. As the functional effect of DNA methylation occurs within gene promoter regions, enhancer regulatory elements and 3′-UTRs assays focusing on these regions can save both time any money, but it is important to be aware that it is reported that up to 6% (111) of the probes could give false-positive results due to cross-reactivity. The result from methods such as HumanMethylation450 Bead Chip array from Illumina should always be validated. Bisulfite sequencing is considered the gold standard for differentially methylated regions. When studying methylation in already known candidate genes or when validating potentially differentially methylated regions, bisulfite conversion followed by methylation-specific PCR or pyrosequencing would be appropriate methods.
Despite a number of methodological problems, most of the cited studies conclude that GDM is associated with epigenetic alterations. However, we cannot exclude the possibility that this could be due to bias or random chance, as many of the studies do not correct for multiple testing. It is also important to keep in mind that we do not know if the potential epigenetic changes are causal for GDM or alterations in the offspring, if the epigenetic changes are caused by underlying genetic factors, and is only a mediator, or possibly that a combination of genetics and environmental components causes GDM and influences the offspring.
Many of the genes that are reported to be differently regulated are involved in energy and/or glucose metabolism and could influence the weight regulation and glucose metabolism of the offspring. GDM may contribute to the accumulation of obesity in future generations by increasing the risk of adiposity and/or diabetes in the offspring. More studies are needed using the same GDM criteria within the different ethnic populations. By gathering more information about epigenetic alterations, we may be enabled to earlier detection of risk individuals and hence more appropriate preventive actions.
Conclusion/further research
In this systematic review, we have reviewed the current evidence and shown sizable knowledge gaps in the field of epigenetics and gestational diabetes. Methodological problems, diagnostic criteria and differences in ethnic composition, together with a limited number of studies and small sample sizes preclude final conclusions at this stage. The need for global DNA methylation studies with larger statistical power is apparent. Although the reviewed studies suggest that epigenetic alterations can be found both in women with GDM and their offspring, some of the findings may be due to chance or bias due to low study power. Studies with higher study power in multi-ethnic populations are required to address these questions. Moreover, most studies are based on chips that have limited coverage or restricted to a few sites, whereas it has been shown that methylation acts through a signature of multiple CpG sites in tandem, rather than independent CpGs. Whole-genome sequencing would go a long way in identifying such signatures. Further research is warranted to increase the knowledge in this field and possibly determine new routes for tailored interventions in risk populations.
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